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ABSTRACT

The properties of oxide layers on smooth and rough aluminum
surfaces are considered in this study. Using ellipsometric techniques,
the layer thickness and the four parameters describing the complex in-
dices of refraction for film and substrate are assigned effective
values and interrelations are deduced. The organizing feature of the
work is the use of data trajectories generated by determining the
ellipsometric parameters Y and A over and over for samples that were
heated between measurements. The heating caused increases in the oxide
layer thickness, so that the data trajectories could be used along side
theoretical thickness curves to determine appropriate effective media
parameters. One of the more interesting results was the representation
of rolling grain marks on dlclad by an effective complex index of
refraction. The effective index determined was dependent on the sample

orientation.
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SECTION I
INTRODUCTION

When aluminum is exposed to air, oxidation occurs almost
instantly. Thin films of aluminum oxide form on all surfaces of alu-
minum. When heated, the thickness of the oxide films increases.

Ellipsometry is a well established method of measuring properties
of thin films on optically flat surfaces. The use of ellipsometry for
rougher surfaces is unusual and there is no established method for
determining the relevant optical properties of the film and substrate.
These properties must be known in order to determine the film thickness.

A new method for determining these properties is the use of a data
trajectory found by repeatedly heating and then measuring the values of
Y and A for a given sample. The thickness (and roughness) of an oxide
film will grow with heat and a series of data points is generated,
characterized by increasing (unknown) thickness. This method was first
used by Cap. M. Lydon[1] at Texas Tech University in 1975. This trajec-
tory can be used to relate the growth of the oxide film to the complex

refractive indices of film and substrate:
fig = nf(l + JKf) and g™ ns(l + jKS)

This relationship is very complicated and requires the use of a
computer for the calculations.

The study of optically flat aluminum surfaces was undertaken in

this work, using data trajectories as described above. In order to




interpret the data, a policy of using the data trajectories to define

functional relationships between media parameters has been developed.
It was found that the oxide roughness on nearly ideal aluminum sur-
facés can be modelled by taking the film extinction coefficient K  to

be a function of film thickness, t:
= —t

and by imposing a relation between the real and imaginary parts of the

aluminum substrate index:

. 3
K, = 7.175 - 5 ng

This relation also interpolates all widely scattered values for the
index of aluminum found in the literature. The actual thickness of the
oxide film is the key to picking the correct values of ng and Ks' As
the data collected in this.study was compared with work by others, a

reasonable choice for the aluminum refractive index was selected:
ﬁs = 1.08(1 + j5.555)

Application of.the trajectory idea to the rougher surface of
alclad aluminum indicated that rough surfaces could also be modelled by
variation of index parameters. It was found that substrate surface
roughness could be modelled by increasing the value of ng and requiring

Ks to be a function of ng:

- 2
KS = 9.75 - 4.77nS + 0.505nS




Also, the effective value for Kf was found to be a function of both t

and ng when the substrate surface is rough:
Ke = (0.01)% n
f S L0

The ideas employed in the present work, using data trajectories
to determine effective parameter relationships, show great promise for
work with thin films on both smooth and slightly rough surfaces. For
example, it was possible to associate the present roughness criterion
to the orientation of rolling grain marks on the alclad samples. This
interesting check is described in Section VI.

In Section II the reflection coefficients and their relation to
the film and substrate parameters Nes Kf, Ngs KS and t are derived.
These are then related to the parameters y and A. The mechanics of
the actual ellipsometric measurement of the values of y and A are
discussed in Section III. In Section IV an analysis of errors in the
ellipsometric measurements and a sensitivity study for the various
parameters are given. The study of optically flat aluminum surfaces
is described in Section V. Finally, the study of the oxide layers on

alclad alloy is described in Section VI.




SECTION II
THEORETICAL BASIS OF ELLIPSOMETRY

Ellipsometry is a method of measuring the changes in light as it

is reflected by a surface in order to determine the physical properties

of that surface. To understand what changes as light reflects from a

surface and how this is related to that surface, it is necessary to

study some of the basic properties of light. This chapter gives a

brief description of the laws governing the reflection and refraction

of light.

In ellipsometry the light used is a plane wave of monochrematic

light. The surface on which measurements are made must be smooth and

flat with respect to the wavelength of light. It must be remembered

that measurements are made with 1ight at only one wavelength and the

index of refraction can be different at other wavelengths.

Light is part of the electromagnetic spectrum and is governed by

Maxwell's Equations which describe the electromagnetic field.

These

equations relate the electric vector, f,the magnetic induction, §, the

electric displacement, D, the magnetic vector, H, and the electric cur-

rent density, 3. Maxwell's Equations are:

vx’ﬁ-%ﬁ‘

B
VxE-=- %f

veD = P

v-§=d

(2.1)
(2.2)
(2.3)

(2.4)

| -




These five basic quantities are further related by

3 =of (2.5)
D= et (2.6)
B = uﬁ 5 (2.7)

Here o is called the conductivity, € is known as the permittivity, and
p is called the permeability. These three terms describe the proper-
ties of the media in which the electric field is propagating. When
o = 0 the media is non-conducting and the electric conduction current
density, 3, vanishes. The electromagnetic components are not damped as
the wave propagates through the media and the material appears trans-
parent. The properties of light are easier to describe for nonabsorb-
ing (non-conducting) media than for a conducting material. The laws of
reflection and refraction will first be described for surfaces with
o =0.

For a medium that is homogeneous and contains no charges or
currents, 3 = 0 and o = 0, Maxwell's Equations can be used to derive

two wave equations:

2
vzt-eug—tgw (2.8)
and
2->
Vzﬁ-eu%?g—=0 § (2.9)

When the field is monochromatic withangular frequency w, the time




6
derivative %€-= - iw for E and H of the form E = Eoe-iwt. The
solutions for the above wave equations are

£ = geeltkz’ - ut) (2.10)
and
f = Hoellk2" - ut) (2.11)

where the propagation is in the 2z' direction and k = veu w.

When 1light falls upon a boundary between two media and is
transmitted into the second media, the wavefront is continuous, al-
though it has a kink at the boundary as shown in Fig. (2.1). The wave
appears to be bent at the boundary. The velocity of propagation of the
wave changes at the boundary and the amount of refraction or bend is
related to the change in velocity. The ratio of the first velocity to
the second is called the refractive index for refraction from the first

media to the second.

N2 = xz (2.]2)

An "absolute refractive index" can also be found, it is the ratio of

the velocity of 1ight in a vacuum to the velocity in the media,

(2.13)

=]
n
<[O

If the absolute refractive indices of two media, n; and n, are known,

then the refraction from the first media to the second can be found,

p=

s
LG R

]

(2.14)

5k
N




’ medium 1

n,

wave
plane

boundary

medium 2
n,
&~

' Fig. 2.1 The Bending of Light at the
Interface of Two Media
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The refractive index or the index of refraction, as it is often called,

is defined to be

. e
n i (2.15)

where gy and yo are vacuum permittivity and permeability.

The laws of reflection and refraction can be derived from Maxwell's
Equations, but they were discovered experimentally long before Maxwell's
time. The incident beam is assumed to be a plane wave, the wavefronts
being normal to the incident ray. The reflected and refracted rays lie
in the plane formed by the incident ray and the normal to the surface at
the point of incidence. This plane is shown in Fig. (2.2). The angle
of incidence (61), the angle of reflection (er), and the angle of re-
fraction (et) are measured between the normal to the surface and the

appropriate ray. For reflection:
8. =6 A (2.16)
For refraction:
n sinei = n, sinet . (2.17)

This is often called Snell's law.

To fully describe reflected and refracted waves it is necessary to
know more than the angle of propagation. The amplitude of these waves
must also be found. Expressions describing the amplitudes of the re-
flected and refracted waves are found by imposing the boundary condi-

tions. These conditions demand that the tangential components of E and




Fig. 2.2 Ray Plane Showing Incident, Reflected,
and Transmitted Rays




)
10
N . W must be continuous across the boundary.
For convenience in discussing the boundary conditions, the electric
and magnetic fields will be described in terms of amplitudes E(t) and
R H(t), obtained by extracting the propagation factor exp(ikz'):
S L}
E = B(t)e'X?
. (2.18)
: W= A(pel*
where z' measures distance in the direction of propagation. As shown in
Fig.(2.2), the incident plane wave propagates in the direction of the
+ :
unit vector e(]). The unit vectors e(r) and e(t) represent the direc-
tion of propagation of the reflected wave and thg transmitted wave,
’ respectively.
The tangential field components can be described in terms of the
coordinate system shown in Fig. (2.2). The z axis is normal to the
: boundary, the x axis is on the boundary and in the plane of incidence,
and the y axis is on the boundary but normal to the plane of incidence.
In order for the tangential components of E and ¥ to be continuous, the
’ following conditions must be satisfied:
(1) g ], ¢ (1)
BN, gt Ex
e bt k) L = )
+ Y y ¥
(2.19)
g B8] oy Urk g 10D
X X X
g Y (r) o TR
4 y y y
L




n

» For the purposes of ellipsometry, the components shown above are
conveniently replaced by related components, which will now be intro-
duced. The y-components, perpendicular to the plane of incidence, will

’ be called the s-components, a trivial change of name. The remaining

components of the amplitudes of the three beams, however, will be

described in terms of three unit vectors p(a) where a represents i, r
L ' or t:
pl =5 x el 2 g x el
’ plr) =5 x el = 5 x et (2.20) |
P s O RN
' where § = y.

Using these unit vectors, the electric field amplitudes of the

three beams can be written:

"
4§ A e =)
[AREE As + App
) g+ RpB(”) (2.21)
: (t) (t)
G aiw el 3
. t = Tss + Tpp
Now, in the x, y, z coordinate system the components of the three
» directions of propagation e and the three related vectors gp(u) are:
sinei -cosei
' 2(1) - 0 N p(1)= 0
-C0s6; -sine,i
X,Y,2 XsY,2




e -] o N
-coset -sinet

X,Y,2Z X,Y,2Z

Substituting Eqs. (2.22) into Egs. (2.21), one obtains:

(i)
-Apcosei E
f(]) & A 2 (1)
S
’ (1)
-A _sinf. E
S B
(r)
Rpcosei ) E
LI S - | g, () (2.23)
; (r)
-R _sind.
p i %,¥s2 z
(t)
e Tpcose Ex( )
t) . e t
E\Y - % il 58
-T s1n9 Ez(t)
XsY,2

The magnetic fields ﬁ(i), W(r), and W(t) may be obtained from the

#a) =‘/§E(°‘) 5 £l (2.24)

relation:




where a represents i, r, or t. Using Eqs. (2.22) and (2.23) in

Eq. (2.24) one obtains:

(1)
Ascosei Hx( :
= i
i) . /&2 A =| H
H1 p .Y(i)
Ass1ne. HZ
XsYs2Z
. (r)
. Rscosei Hx( :
" vV u RP H.Y( )
R_sind. BT
s i Xs¥s2 b
(t)
i Tscoset Hx( ;
1] t = EL = t
H vV U TP H.V(t)
T.sind H
S t XsY,2 z

13

(2.25)

The representations in‘Eqs. (2.23) and (2.25) may now be substi-

tuted into boundary conditions, Eq. (2.19) to obtain:

- + s = =
[-A Rp]cose1 Tpcose

p t

A + Ry =T

nl[As - Rs]cosei = nzTScoset

nl[Ap + Rp] = nsz

where the approximations

(2.26)




14

have been made, so that

A/ f2 . [Ah, ffi.n (2.27)
M1 H2 €2uo €2M2 n;

From these Eqs. (2-27), it can be observed that the parallel and

perpendicular components of the lightwaves are independent of each
other. These four equations can be solved for the amplitude of the
reflected and transmitted waves independently as a function of the

incident wave amplitude for both the parallel and perpendicular cases:

T 21n; cos ei

B =

p Ap n, cos ei.+ N1 cos 6
- Ig 2 ny cos 6,

s " A = i cos 6, * N cos 6

(2.28)

i 52.: n, cos ei - n; cos 6

p Ap N, €OS ei + ny cos 6y
i s E§_= np cos ei - Nz coOS et

S AS n, cos ei + ny cos 6t

The above equations are called the Fresnel Equations and the quantities

rp, rs, tp

Fresnel transmission coefficients.

, and tS are called Fresnel reflection coefficients and

When the conductivity o is not zero these equations are changed

slightly. The wave equation is changed to

7 F o 9t _'cig_
V2 E = ue 3z t Mo 3¢ ‘ (2.29)




The plane wave solution is

E=€° ei(; z! 'U)t) (2.

where

K2 = w2y (e + i f}) f2.

A1l of the previous equations are the same for a conducting

medium if the dielectric constant € is replaced by a complex term

-~

a

e =g+ i — r 2.

w

In addition, the phase velocity, v, and the index of refraction, ;,

also become complex:

vzl - 1 {2.
kg
and
5= . JuE = LUE .0y
s Ho€p Y Uo€p G lew) i {2
The complex index of refraction can be divided into a real and
imaginary part,
i =n(1+ iK) {2.

here K refered to as the extinction coefficient [2], [3]. The two

real quantities, n and K, defined in Eq. (2.35) can be related to the

media parameters by equating expressions for #i? obtained from

15
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Eq. (2.34) and Eq. (2.35):

iz = X (1
Ho€o

. 0
+ 125)
= n2(1 - K2 + 2iK)

Comparing real and imaginary parts, one finds

n2(1 - K2) = HE_

Ho€o

and (2.36)
nzK = oy = CZUU
ZEoUow 2w

Solving Eqs. (2.36) for n and K, one finds:

- s ~ 0
=% /1 + (22 13 2ew

{2.37)

where the approximate forms are useful when K<<1; i.e,, when (o/ew)<<1.
Using the notation introduced above, the complex propagation con-

stant ir Eq. (2.30) can be expressed in the form:

Kk =

<4s

= S = on(1 + iK) ¢ (2.38)

Thus, the plane wave solution of Eq. (2.30) can be written:

Bups $1las «
EnKz 1(cnz wt)

E=E e e . (2.39)

0
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a
-»2
The first exponential term in this expression is of the form e z where

the power damping constant is given by

2w

a = 7;ﬂK = (2.40)

>1¢>

s (3
=
-

with A, being the vacuum wavelength of the light. For metals with
large conductivity, K is large, so that the field is damped so strongly
that it can penetrate only a fraction of a wavelength into the
material.

It should be mentioned that the expression for K given in
Eq. (2.37) has a severe defect in that the derivation has presumed that

(a/ew) = 0. If one defines this ration to be A:

S
EW

Y

then, according to Eq. (2.37),

oyt
Y

so that
0<K<1 forally=>0 d (2.47)

Nevertheless, many metals which are good conductors must be described
by values of K that are considerably larger than one, say K
approximately three or five. This point is discussed at some length
in Born and Wolf[4]. It is actually necessary to consider ¢ to

be negative. This unpleasant feature arises because the media

parameters actually depend on frequency. In other words, Maxwell's

i S S
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Equations are not truly linear in the fields so that the Fourier
decomposition shown in Eq. (2.30) is not strictly appropriate. The
results shown in Sections V and VI of this study, in fact, demonstrate
values of K considerably larger than one.

The effects of a complex index of refraction on the reflection
and refraction of light at a boundary, are such that the basic formulas
all have been exactly the same form. One need only interpret the
various parameters as being complex. The law of refraction, or Snell's

Law becomes
fiz sin 6y = m sin 8; (2.42)

for the case in which 1ight travels from a media such as air (o = 0) to
some media where the index of refraction is complex (o # 0). Since fi,
is complex, the angle, et, must also be complex and will henceforth be
denoted as 6t‘ The Fresnel Equations are also effected by a complex
index of refraction as well as by the complex angle. Looking first at

the reflection coefficients,

~

. fi, cos §; - n, cos B,
P N, cos B; + n, cos ét (2.43)
. Mycos 8y - fiz cos &,
e . (2.44)

S My cos By + N, COS et
Since fi, and Bt are now complex, the reflection coefficients Fp and FS
are also complex. The transmission coefficients also become complex,

2 n, cos ei

" T2 cos 6 * ny cos B (2.45)

'
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2 n; cos ei

t = (2.46)

S n; cos ei + N, cos ét

The complex values of the reflection and transmission coefficients mean
that the ratip of transmitted or reflected 1light amplitude to the inci-
dent light amplitude is complex. This means that a phase change occurs
when light is transmitted or reflected from a boundary where one or
both of the media is complex. Now that it is clear that the effects of
conductivity (o # 0) can be accounted for by simply understanding the
indices and coefficients to be complex, the notation will be simplified
by dropping the wavy bar over complex quantities; e.g., Fps rp.

A full description of all properties of the light reflected by and
transmitted through a media interface would require determination of
all four of the complex Fresnel coefficients. This, however, is more
information than can be obtained from ellipsometry alone. The ellip-
sometry procedure described in the next section is able to determine
only the complex number which is the ratio of the complex reflection
coefficients r_ and r_:

p s

r :
FE £ gt e (tanw)e1A ; (2.47)

With an ellipsometer, the angles y and A can be determined rather
easily.

The behavior of 1light when it reflects from a surface with a thin
film can also be predicted. The boundaries at both surfaces, air-film

and film-substrate, are involved in this case. The change in light due
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o~

to reflection can again be described in terms of angles y and A. It
should be noted that it is the total reflected 1ight which is compared
to the incident light. The quantities y and A can again be described
in terme - reflection coefficients, but the coefficients come from two
boundaries and the terms are more complicated.

For this case some light is reflected off the film, but some light
is transmitted through the film and reflected from the third media and
transmitted back through the film as illustrated in Fig. (2.3). The
reflected 1ight may be considered to be made up of a series of separate
beams. The first, reflected at the first boundary, is designated as

R, and is simply found:

R,= Ar,, (2.48)

The rest of the beams are transmitted through the film and reflected at
the next interface. The second beam is the first one transmitted at
the thin film - air interface and is designated R,. The other beams
are reflected between the two interfaces until they are transmitted
through the thin film - air interface. These successive beams,

designated as R,, R,, R , have a smaller and smaller intensity

AR

depending on the reflection coefficients:

R, = Mg, 1 b e (2.49)
R SR Fiape b grrs (2.50)

The 1ight beams transmitted through the thin film are delayed in phase
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medium 2
(substrate)
» n,

Fig. 2.3 Reflection of Light from Two Boundaries
(Substrate with Film)
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by an amount 26 for each pass back and forth through the thin film
because of the extra time needed to travel the extra distance. This

phase delay is easily determined to be:
28 = ﬂﬂg-th - sin? 8; (2.51)

where d is the film thickness. The reflection and transmission coef-
ficients, r and t, above can represent either the parallel or the per-
pendicular components. The subscripts on r and t describe the boundary
the light beam hits, for example, t,q, is the transmission coefficient
for 1ight going from medium 1 to medium O.

The total amplitude for all reflected light is
R=R; +R; + Ry + R, +..... . (2.52)

Using the pattern developed in Eqs. (2.49) and (2.50), one can write

toity, =
L fr

-2i84n
e
Yio  p=] ]

?ﬁ Fo1 * (2.53)

1zrxo

This sum is just a geometric series so that it is trivial to obtain a
closed form. Also, certain simplifications are possible. From the

explicit expressions shown in Eq. (2.28), one can deduce that

10 01

and

ad
[ad
i

it 1 (]'r:I) . (2.54)
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Using Eqs. (2.54) and performing the sum in Eq. (2.53), one obtains:

-2i6

rog + rjp e
T8 . (2.55)

B
A 1+ roi%i2 e-z

For the separate parallel and perpendicular components of the

light, one has:

r = ‘I:_S = rgl £ ?‘?2 e'12§2
3 S 1+ r?o r?z e-l §
(2.56)
r = EE.: rgl 5 r?z e-12§ .
e AP 14 rPyord, 9-126
so that Eq. (2.47) becomes:
tan w e+iA = Y‘Bl + V’ez e-126 .] + Y‘§° "?2 e-126 (2.57)

1468, a0 o8 % 0, 120

Eq. (2.57) is the desired connection between the parameters ¢ and

A, determined with the ellipsometer, and the media parameters

n, £ 1 = index of refraction of air,
ﬁf =ng (1 + 1Kf), (2.58)
ﬁs = ng (1 + iKS),

and
d = film thickness

characterizing the film and substrate. Since these media parameters
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enter Eq. (2.57) through expressions of the form given in Eq. (2.28),
it is clear that the relationship between ¥ and A and the media para-
meters is arithmetically rather complicated. Nevertheless, if only two
of the media parameters are unknown, then measurement of ¥ and A for a
given angle, CIp permits compuiation of the two unknowns. This
computation is accomplished by digital computer.

There exists a vast collection of literature on the subject of
ellipsometry. The Bibliography attached presents a useful sampling of
this previous work. This literature deals not only with the relation-
ship of the index parameters Ngs Ks’ Nes Kf and t to the quantities y
and A, but also with the alignment and use of the instrument itself.

The next section relates the values of ¢ and A to the actual method by

which these parameters are obtained.




SECTION III
THE MECHANICS OF ELLIPSOMETRY

The ellipsometer essentially consists of two polarizers and a
quarter wave plate. Light is supplied by a HeNe laser and a power
meter is used as a detector.

The light from the laser passes through a collimator to a polar-
izer then through the quarter wave plate to the sample. After
reflecting off the sample the light wave passes through the second
polarizer to the detector. Fig. (3.1) gives a schematic representation
of the ellipsometer in the plane of incidence. The collimator arm with
its polarizer and quarter wave plate is stationary. The telescope arm
with its polarizer can be rotated about a center axis. A table on
which the sample is to be placed is centered at this axis. |

The angle of the telescope arm can be read directly from a scale.
This angle is measured from the collimator arm as 0°, so that, when
light shines straight through from the collimator into the telescope
arm, as in Fig. (3.2), the angle is 180°.

The angle of incidence,ei, can be found using this angle reading
for a sample centered on the table. The sample table can be tilted to
adjust the sample so the plane of incidence and the plane formed from
the two arms of the ellipsometer are the same.

The polarizers on both the collimator and telescope arms are
mounted on a circle calibrated to .01°. They are set to read 0° when

the electric vector of the 1ight beam is horizontal (in the plane of

25
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Collimator

Light

Source Detector

Fig. 3.1 Schematic Representation of the Ellipsometer
with Sample Inserted
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‘ Collimator ’//) QuSrter | Telescope

I Detector
. : Wave
Light Polarizer Plate Analyzer

Source

Fig. 3.2 Schematic Representation of the Ellipsometer with
no Sample for Reflection
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incidence). A quarter wave plate is essentially a flat transparent
window with two axes, in the plane of the window at approximately 90°
to each other, called the fast axis and the slow axis. For light
passing through it, the quarter wave plate provides a phase delay of
90° for the portion of the light polarized along the slow axis with
respect to the portion of the light polarized along the fast axis. The
direction of polarization of light is considered to be the direction of
the electric field vector.

The ellipsometer is used by adjusting the two polarizers so that
light to the detector is a minimum. This is done by adjusting the com-
bination of the polarizer and quarter wave plate in the collimating arm
so that a delay between the parallel and perpendicular components is
created which is just opposite that caused from the reflection of light
from the sample. The light reflected from the sample is then linearly
polarized and by placing the second polarizer at an angle of 90° the
light can be extinguished.

It is useful to determine the relationship between the amplitudes
Ap and As’ defined in Section II, and the angle P of the polarizer. The
quarter wave plate is set with the fast axis at an angle of a = 45°
with respect to the (horizontal) ray plane. To be specific, a unit

vector along the fast axis and one along the slow axis are defined:

[s + pli);

1
éfast W

(3.1)

L s - plh

é
slow
2
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The polarizer may be set at some arbitrary angle P with respect to the
ray plane. A unit vector identifying the direction of polarization of

light from the polarizer, can be defined:

épo] = (cosP) ﬁ(i) + (sinP) § 4 ' £3.2)

The input light comes out linearly polarized at angle P (polarized
parallel to apol) when it passes through the polarizer. If the magni-
tude of the amplitude of the electric vector is E,, then the parallel

and perpendicular components, with respect to the ray plane, after

passing through the polarizer are (in the notation of Section II):

iwt

™
i

E, cosP e

{3.3)
iwt

™
n

Eo sinP e

The light then passes through the quarter wave plate and the components

along the fast and slow axes become:

o . : o ‘iwt
Eeast Eo[cosP c0s45° + sinP sin45°] e

(3.4)

E = E,[cosP cos135° + sinP cos45°] o~ 1(wt-g)

slow

where B is the phase delay from the slow axis with respect to the fast

axis. From these components the parallel and perpendicular components

can be projected:
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where
A %f'[(cosP + sinP) + (sinP - cosP) e'BJe ¥t
' . (3.5)
Ap = %} [(cosP + sinP) - (sinP - cosP) EIB]E-]wt

If the wave plate is adjusted to be a quarter wave plate for the
waveTength of the laser source, then the delay B is 90° and these

equations can be simplified to:

A -i(wt - P + 45°)
AS = 75 By S
(3.6)
_ 1 o ~ilut + P - 45°)
Ap /2_ Eoe

Egs. (3.6) give the desired relationship between AS and Ap and the
angle P of the polarizer.

The angles ¢ and A introduced in Eq. (2.47) are defined:

: A
(tamp)e1A = ﬁEKE . (3.7)
s'p

In order to experimentally determine y and A, the following strategy
can be employed. One can vary the angle P of the polarizer until
linearly polarized 1light is reflected from the sample. This condition
can be detected when there exists an angle A of the analyzer (the
second polarizer) which will completely block the light reflected from
the sample.

Thus, when the detector is "nulled" to the lowest attainable

reading, then the light reflected from the sample is linearly polarized.

Sk
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Under these conditions there are only two possibilities for the phase

of Rp/Rs:
R
(:) Phase R(- 0 , in which case one can take
% (3.8)
R A A
tany = EE' and A = Ké' Phase =
S P P
or

R
. Phase EP- = +180°, in which case one can take

S
(3.9)

As
and A = -180° + Phase A
P

tany = -

z:‘_uzo
wv

The expressions for tany shown above are permitted because |As/Ap\ =1
as shown in Eq. (3.6). Also from Eq. (3.6), ones finds

As
Phase 5 -2P + 90° . (3.10)

©

Using Eq. (3.10) in Egqs. (3.8) and (3.9) the two cases may be

expressed
R R
® 23>0, tany = |gB| . and & = -2p + 90° (3.11)
S S
or
R R
(®) L0, tany = 2| L anda=-2p - 900 .  (3.12)
S S

Since tne angle A of the analyzer is set at right angles to the plane

of polarization of the light reflected from the sample, it is easy to
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find the connection between A and y as illustrated in Fig. (3.3):

- 2 2
Rp = /Rp + RS cos(A + 90°)

(3.13)
= 2 2 3 °
Rs / p+RS sin(A + 90°)
so that, from either Eq. (3.11) or Eq. (3.12),
+ 9Q° i
tan\p=]%g%%-+—g%¢-%—|=|-wl=l-tanl\| (3.148)

Furthermore,

Ep_ = anft s s Case @ pertains if tanA < 0

R¢ Case (B pertains if tanA >0 . (3.15)
Solutions of Eq. (3.14) for y can be restricted so that
v € [0,90°] (3.16)
with the following correspondences:

A € [0,90°] = Case and ¢ = A

A € [90°,180°] = Case (A) and y = m - A
A € [-90°,0] > Case (A) ard y = -A

A € [-180°,-90°] > Case (B) and y = 7 + A

(3.17)

Without restriction, multiples of 360° can be added to or subtracted
from the measured angle A to bring it into one of the ranges considered

in Egqs. (3-17). Similarly, it is clear from Eq. (3.7) that A need only

be determined mod 360°. Thus multiples of 360° can be added to and
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subtracted from the angles A determined in Egs. (3.11) and (3.12).

Thus, the angle A may be taken to lie in the range
5 e [0,360°] . : (3.18)

The two cases encountered above arise because extinction by the
analyzer can be achieved for two different angles P and P', corres-

ponding to
[-2P + 90°] = & , Case @

and (3.19)

[-2P +90°] = & + m , Case (B) .

It is important to note that when a sample is placed in the
ellipsometer, there are two different sets of angles (P,, A;) and
(P, A,) that can be determined by the measurement procedure. Either
A, or A, will have a negative tangent (Case @) and the other will
have a positive tangent (Case ). The test‘ shown in Eq. (3.15) is
used to identify which angle set is Case @ and which is Case .
The angles ¢ and A obtained from Eq. (3.14) and the appropriate choice
of Eq. (3.11) or Eq. (3.12) are exactly the same

“’@ > ‘1’ (3.20)
®®

in the absence of experimental errors. The use of both angle sets

[P,
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(P, A,) and P2, A;) allows, therefore, an experimental cross check.
Both sets were measured and used in the experimental work described in
the following sections. In the next section an error analysis and

sensitivity study for ellipsometric data are described.

= v SRSV
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SECTION IV
AN ERROR ANALYSIS AND SENSITIVITY STUDY FOR ELLIPSOMETRIC PARAMETERS

When using the eliipsometric measurements of ¥ and A to examine a
film or substrate, it is important to have some idea of how much error
¥y and A contain. Also, since both the real and imaginary part of the
refractive index for both the substrate and film, as well as the film
thickness (denoted by t in this and the following sections) are
dependent upon ¥ and A, it is useful to know how much error in these
quantities will result from errors in y and A.

To examine the errors in Y and A, the equipment used in making the
measurements must be examined. A Gaertner L-119 ellipsometer was used
for the measurements made for this study. This instrument has two
arms, the collimator and the telescope, both with verticle circles
holding polarizers which can be read to an accuracy of 0.01° and with a
clamp and tangent screw fof setting. Mounted on a third circle is a

Soleil Babinet Compensator which can be adjusted for use as a quarter

e e U i Sl i

wave plate. Centered between the two arms of the ellipsometer is a

sample table which can be rotated and adjusted in height. The colli-

mator arm is fixed and the telescope arm rotates on the same axis as
the sample table. The two arms have height and level adjustments for
alignment. The angle, 261, between the two arms can be read from a
dial to 20 seconds of arc.

A prototype detector from Newport Research Corporation was used in
making the measurements. This instrument is sensitive to light inten-

sities ranging from 1077 to 10°! watts. The 1ight source was a He-Ne

36
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laser operating at a wavelength of 63283. This laser was made by
C. W. Radiation, model S-203H, and has a maximum output of 107° watts.
The alignment of the arms was made so that light through the col-
limator could pass straight through (no reflection) into the telescope
arm and out a pinhole exit. A high quality mirror surface was then
used to insure that the alignment was also correct for reflection into
the telescope arm for all values of ei, the mirror surface first being
tested to insure that it was perpendicular by reflecting the 1ight beam
back on itself from both sides of the mirror.
The alignment of the polarizers was done next. When light shines
at the Brewster angle on a piece of optically flat glass of index n,
the reflected light is perpendicular to the plane of incidence. At

this angle, described by 8; = eB:
tanby = n , (4.1)

the reflected and transmitted waves are at right angles to each other
and the reflected wave does not receive any energy for oscillations in
the plane of incidence. By using this property of the Brewster angle,
the analyzer, fixed on the telescope arm, will extinguish the light
when it is oriented horizontally (A = 0). The alignment of the
analyzer can be accomplished by adjusting the calibrated circle to read
A = 0.00 when the light is extinguished. The polarizer on the colli-
mator arm can now be adjusted using the aligned analyzer to make
adjustments. For this adjustment the arms of the ellipsometer are

placed so the light shines straight through and there is no reflection.




38

The polarizer angle, P, is set equal to 0.00° when the analyzer angle,
A, is set to 90.0° and the light is extinguished.

Once the angles of the analyzer and polarizer are set, the amount
of error in the alignment can be determined. First, without any sample
to reflect the light, the angle A is set and the angle P found which
extinguishes the light to the detector. The error, e, between the

setting of the two polarizers can be defined by the relation:
P=A+090°+¢ . (4.2)

For the alignment of the ellipsometer used, this error was determined
to be € = 0.03°. This relation is plotted as Curve 1 in Fig. (4.1).

A mirror surface was then used to reflect the Tight to the analy-
zer. The angle A was set at various angles in the neighborhood of
0.0° and for each value of A the angle P was found which extinguished
the light. For P equal to exactly 90° and for A equal to exactly 0°,
the error due to any phase change upon reflection would be zero because
there would be no horizontal component. At angles close to these
values (+0.2°) the amplitude of the horizontal component is still very
small (0.35%) compared to the vertical component and, therefore, any
phase change would be negligible. The data from these measurements is
also plotted on Fig. (4.1). Curve 2 on this figure is a straight line
lease squares fit to this data. The intersection of the two curves
locates the readings of A and P which actually correspond to 0.0° and

90.0°, respectively. The corrections for A and P so determined were:
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Fig. 4.1 Calibration Curves for the Polarizers
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A=A+ M, AA = -0.07°
(4.3)

o
(]

P + AP, AP = -.04°

The corrected angles are used in calculating ¥ and A and all further
references to A and P will refer to the corrected angles, Ac and Pc.

After the polarizers were both aligned, the quarter wave plate was
inserted and aligned. The quarter wave plate used is a Soliel Babinet
Compensator. This compensator can be varied in thickness so it can be
used as a quarter wave plate over a wide range of freguencies. The
quartz used as the retarder in the wave plate is actually in two
pieces. The outer edges are pafa]lel but the cut between the two
pieces is diagonal. The thickness of the quartz can be varied by
sliding the two pieces of quartz along each other. Fig. (4.2a)shows
the alignment of the quartz pieces. To adjust the wave plate in the
ellipsometer, the fast axis of the compensator was first set to an
angle of a = 45.0°. To do this, the analyzer was set to 45.00° and the
polarizer was set to 135.00°. With the fast axis of the compensator
at an angle of approximately 45°, the angle was adjusted for the light
to the detector to be at a minimum. At this point the fast axis scale
was set to read 45.00°.

With the angle scale set for the quarter wave plate, the thickness
or phase delay, B, was tuned for a delay of 90°. Leaving the fast axis
at 45°, the polarizer was set at 0.00° and the analyzer at 90.00°, the
1ight to the detector was then minimized by changing the thickness. The

thickness of the quartz was varied over a wide range, giving six
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0.20°

Fig. 4.2 The Two Pieces of the Compensator Showing
a) the Direction of Movement for Adjustment

of Thickness
b) the Alignment Error in the Axis
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readings for which the 1ight was at a minimum. At these points the
amounts of delay due to the thickness is an odd multiple of 180°. The
dial which adjusts the quartz thickness is calibrated in dimensionless
steps of 0.01 and the spacing between the minimum readings is 6.24.
Assuming the dial to be linear, the reading for a delay of #90° could
be calculated by adding 1.56 to any of the readings taken. An error
of 0.07 on the dial would cause an error of 1.0° in the delay.

The accuracy of the alignment of the compensator can be checked
in several ways. With the thickness set for a 90° delay and the fast
axis set at 45°, if the polarizer is set at 0.00° the light passing
through the analyzer to the detector should be at the same intensity

for all settings of the angle A. In this case the light leaving the

wave plate is circularly polarized. The alignment of the fast axis

can also be checked by setting both the polarizer and the compensator
to 45.00°, setting the analyzer to 135.00° and changing the thickness of
the quartz. If all three elements are aligned there should be no
change in the nulled intensity of the light to the detector. For this
particular compensator, however, the two pieces of quartz were slightly
misaligned. The fast axis of the two pieces formed an angle of approxi-
mately 0.20°, see Fig. (4.2b). This could be shown by leaving the com-
pensator at 45.0°, setting the polarizer at 135.00°, and adjusting the
analyzer to minimize the light to the detector. The angle A was at
45.09° and the amount of error was +.09° from the theoretical angle of
45.00°. Angle A was then reset to0 45.00° and the angle Pwas adjusted so

that a minimum intensity was detected. The angle measuredwas 134.89° so




¥ thaf the amount of error was -0.11°. The conclusion was that the
first piece of the compensator is at an angle of 44.89° and the second
piece is at an angle of 45.09° giving the difference between the two
5 - pieces as 0.20°. : -
To find the amount of error this will cause in the calculations of
Y and A, some theoretical calculations were made. A computer program i
’ written by F. L. McCracken[5] from the National Bureau of Standards was %ﬁ
used in calculations for error analysis as well as in determining ¢ and |
A from measurements of the angles A and P. Theoretical values of A and
? " P were determined for a film index of (nf = 1.766, Kf = 0) and a sub-
strate index of (ns= 1.21 and KS = 5.72), and film thickness varying

from 0 to GOOR in increments of 1003. Using these values for A and P,

’ the values of y and A were calculated for conpensator angles, a, of
44.95, 45.0 and 45.05. To check the errors in ¢ and A due to an error
in the delay of the wave plate of 0.5°, calculations were also done

¥ using a compensator angle of 45.0° but using the values of 89.5°,
90.0°, and 90.5° for B. The results of these calculations are shown in
Tables (4.1) through (4.4). Since two sets, (P;, A;) and (P,, A;), can

’ be found for each ¢ and A, both sets were used. The averages of the

two values obtained for Y and A were also calculated and denoted by the

i subscript ‘avg'. A computer sensitivity study showed that y___, corres-

avg
E ’ ponding to errors in o by either +0.05° or -0.05°, agreed with the

value of ¢ obtained with no error in o. These results are shown in

Table (4.1) and illustrate the value of using ¥ For an error in B

avg’
of +0.5° the average was only a little worse giving an error in the
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third decimal place as shown in Table (4.2).

For A, however, the errors were more pronounced. An error in a
of +0.05° gives an error of *0.1° for Aavg’ and an error of +.5° in 8

gives an error of up to .006° for Aavg' These results are illustrated

in Tables (4.3) and (4.4).

The slight misalignment of the quartz pieces in the compensator,
mentioned above, produced the ambiguity: a = 44 .89°, but also
o = 45.09°. The angle 44.89° was used in the computer code for
analysis of the data. Additional checks showed that the 0.20° discre-~
pancy would produce negligible errors in wavg‘

The errors produced in ¥ and A by errors in A and P can be

expressed simply since

¢ =A orm+A’

for Case

A= -2P' - 90°

and

p=-ARorm-A

for Case (:)

A = -2P + 90°

If the amount of error in the angle A is g, then the error in v would
be € if a single value of A were used. But if two values of A were
found, say, one corresponding to A between 0° and 90°, and the other

for A between -90° and 0° then the error is reduced because some

et it

sources of error give cancelling effects. For example, an error in the

[ SO W—
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zero position of the scale for A will cancel

_(Al+€)+L"A+El_ '
Vavg ~ 2 B g

Unfortuantely, an error in the zero position of the scale for P does

not average out for errors in Aavg' If the error in P is 6, the

amount of error in A can be calculated by
_{-2 (P +8) -90°} + {-2 (P+35)+90°)
2

Aavg

_A-25+ A" - 28

avg 2 A = 26 .

The error in A and in Aavg is double that in the measurement of P or P'.

Another and more critical source of error arises from the method
in which the sample is aligned in the ellipsometer. Although the cal-
culations determining the values of ¥ and A from angles A and P do not
depend on the angle of incidence, the use of Y and A in determining the
values of the film thickness or the index of refraction is dependant on
this angle. A small angle of incidence error can cause large errors in
Yy and A. The placement of the sample is critical because an error of
5mm from the center of the table can create an error of 0.5° in the
angle of incidence, 8- Fig. (4.3) shows the values of y and A for a
film with thickness varying from OR to 2003. The film index is again
taken to be (nf = 1.76, K = 0) and the substrate index is ﬁs = 1.21
(1 + 35.72).

Because this source of error was recognized as the quantity which

would most likely 1imit the resolution of the ellipsometer, a systematic




Error in Angle of
Incidence Between #*

]

Sensitivity Curve for Error in 9i

.5°
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procedure for aligning each sample was used. Pinholes on each end of
the telescope tube were carefully aligned. If a sample were carefully
placed at the center of the sample table, the reading on the scale for
(261) would be accurate to +20 sec of arc. The light would then pass
through the center of the pinholes. For a misaligned sample, the

light would not pass straight through the telescope tube, but would be
inclined by an amount 86 as indicated in Fig. (4.4). The maximum angle
of error can be defined by the diameter of the pinhole (.2cm) and the

length of the telescope tube (28cm).

2 -1 ,.2cmy _ o
80y = Tan (35-—-) = 0.4

The error in the angle of incidence is half this value giving a possi-
ble error of #0.2°. The alignment of a sample was always checked in
two configurations as shown in Fig. (4.4). This procedure served as a
partial double check on the pinhole alignment, also, because the check
in two configurations would be impossible if the pinholes are not well
aligned.

An added benefit from using this method to align the sample, is
that the sample tilt is also checked. The sample cannot pass this test
if it leans forward or backward more than 0.2°. This tilt can cause an
error in y for the two sets of measurements, but for wavg the error is
negligible. The tilt angle also causes an error of less than .01° in
Aavg'

Another source of error, that due to the transmission properties

of the wave plate, has also been examined. A transmission difference




.04°
k_

90°,

140°

Fig. 4.4 The Two Configurations for Alignment
of the Sample in the Ellipsometer
Showing the Maximum Error Possible
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of 5% between the fast and slow axes would cause large discrepancies
in A (about 5°) between the two sets of measurements at each point.
The average of these two measurements gives a very small error of

° - 3 . 2 ° .
0.03° in Aavg‘ The error in wavg is also about 0.03°. Since the
maximum discrepancy in the sets of measurements actually taken was

0.66° for Aav and .57° for ¢___, any error due to the transmission

g
properties of the wave plate would have to be negligible.

avg

The conclusion drawn from this study of errors is that the error
in the angle of incidence has the largest effect. The angle of inci-
dence is correct to the accuracy of #0.2° and the effect of this error
on values of Y or A must be examined for the particular set of values
given for the film and substrate properties to determine expected
error bounds.

The precision of the measurements can be estimated by examining
the data. Two sets of measurements, (P,, A;) and (P,, A,), were used
to obtain the values of Aoy

and ¢ At each point on the sample,

9 avg’

the numbers A,, A,, and Aavg were determined. The maximum discrepancy
in A was 0.66° and the average discrepancy was 0.21°. Thus the average
precision of the procedure for A was +0.11° to +0.33°. The maximum
discrepancy in y was 0.57° and the average discrepancy was 0.18°. Thus
the average precision of the procedure for ¢ was +0.09° to *0.29°.
Once some idea is formed concerning the amount of error in ¢ and

A, it is necessary to relate this error to the error produced in the
index of refraction and in the film thickness. This is done by use of
curves of constant index and thickness plotted against the values of ¢

and A.
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The simplest case to study is that of a bare substrate, since
there are only two media parameters determined by ¢y and A. These two

variables are the real part, n_ and the imaginary part, KS, of the

S
index of refraction, where

n= ng (1 + iKS)

Fig. (4.5) shows curves of constant ng and K, on a and A plot. It
should be noted that for Ks = 0, there is no phase change upon reflec-
tion and A has a value of 0. As the imaginary part of the index
increases the phase between the reflected parallel and perpendicular
components increases and, thus, the value of A increases.

Fig. (4.6) shows the theoretical values of ¥ and A for a film of
ne = 1.6, Kf = 0 on a substrate of o= 1.21 with no absorption. The
thickness varies from 0 to 27003. At a thickness of 23813 the curve
closes and starte repeating, this happens because the film thickness
produces in a phase shift of 360° at this point. For a film with no
absorption the amplitude and phase would be the same at the surface for
a phase shift of any number of complete cycles. The thickness of any

film to cause a full 360° phase shift can be calculated as:

g, = A a .
¢ 2n cos {arcsin (sing;/n)} 2 /n? - sin”8;

This thickness is a function of the wavelength of the light A,, the
film index n, and the angle of incidence 6,-
Fig. (4.7) shows a family of curves generated by varying the film

thickness, t. These curves are for the film index, Ne, varying from
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Fig. 4.6 A Thickness Curve: Variation in A and y
Due to Changes in Film Thickness
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. 1.1 to 1.8. The substrate is the same as in the previous figure. It
can be noted that as the film index approaches the substrate index the
curve formed becomes smaller and at the point where ne = ng only a

s single point is found. This point can be compared to a point with the
same Y and A in Fig. (4.5), and it can be noted that this is the value
for a bare substrate with that index.

Using a film index of ne = 1.766 and the real part of the sub-
strate index to be n, = 1.21, the imaginary part of the substrate KS
was increased from 0.0 to 5.72. Fig. (4.8) shows thickness curves
corresponding to this range of Ks' A11 of the thickness curves are

cyclic. The zero thickness trajectory as a function of KS is traced

by the dotted curve.

Since the material used in this study has a substrate of aluminum,

i Fig. (4.9) shows a family of curves with the film index changing from
1.1 to 1.8 on a substrate of He = 1.21 and KS = 5.72, values similar to

# aluminum.

5 Fig. (4.10) shows the change in the curves. As the real part of

the substrate index,'ns, is varied from 1.0 to 2.0. The imaginary

i L] part of the substrate index, KS = 5.72, and the film index, ne = 1.766,
are constant. Using Figs. (4.8) and (4.10), it can be seen that a
small error in the values assumed for real and imaginary part of the

¢ substrate index will not cause a large shift in the values determined
for the film index and thickness.
When the film over the substrate becomes absorptive, the curves

’ are no longer cyclic. Fig. (4.11) shows the curves formed by varying
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Fig. 4.8 Variation in Thickness Curves as KS Increases
from 0.0 to 5.72.
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Fig. 4.10 Variation in Thickness Curves for a Change in ng




360
340

300

260

220

180

140

100

60

20

1 1

62

Thickness scale
t(in A), marked on
curves

Aﬁs= 1.21(1 + j5.72)

/ooo ng=1.65

0.2 Kf=0.0, 0.02, 0.2

~
N
1000 ¢ 000 R
\
Ke=0.02
1
\
I
]
!
4
/
/
Z
« 5000
] 1 1 s —h 1 1 )
W oW W H 0 G0

Fig. 4.1

Variation in Thickness Curves as
Kf Varies from 0 to .2




63

the thickness of the film on a substrate of aluminum. The real part

of the film, ne = 1.76, is constant, but the imaginary part, Kf, is
considered for the three values: 0.0, 0.02, and 0.2. The curve formed
with Ke = 0.2 is shown as the thickness gets large. As this happens,
enough light is absorbed that the reflected l1ight sees only the film
and the values of Y and A approach those for a substrate with the index
of the film. This point can be compared with the substrate value in
the enlarged view in Fig. (4.12).

Since the curves formed from a smaller imaginary value, Kf = 0.02,
do not change as fast as for Kf = 0.2, they were not plotted for larger
values of the thickness. At a much thicker film, these curves also
approach the y and A values of a substrate with the index of the film.

Now that the various sources of error and parameter sensitivities
have been explored, the general description of the research tool u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>